Introduction
The application of magnets based on the hard magnetic phase ~d z~e l a~ ' has been limited by the low Curie temperature and the high irreversible thermal loss. It is well known that an increase in coercivity is produced when Dy and Nb are added to the alloy. The microstructure of Nb-containing (Nd, Dy)-Fe-B sintered magnet has been investigated by Parker et al. [I] . A new magnet with the composition (Ndo.sDy,.,)
( F~o . s~~C~O . O~B O . O S N~O . O~~G~~. O~)~,~
has been reporfed by Tokunaga et al. 121 . It was found that the combined additions of Nb and Ga effectively increased intrinsic coercivity ;H,, and made the irreversible thermal loss under 5 % after exposure at 520 K. The outstanding thermal stability of the magnet aroused our interest in studying the relationship between microstructure and coercivity in (Nd, Dy)-(Fe, Co)-B based magnets with minor Nb and Ga additions. Permanent magnetic properties were measured with a D.C. hysteresismeter. X-ray diffraction analysis of sintered magnet powder was carried out using CuKo! radiation with a graphite crystal monochromater.
For TEM investigation, thin slices perpendicular to the alignment direction (A.D.) were cut from the demagnetized magnets. After ion thinning, they were examined in the Philips EM420 electron microscope equipped with EDAX. Optical microscopic observations and EPMA examinations of demagnetized magnets were performed on the polished surface perpendicular to the A.D.
Results and discussion
The results of magnetic measurements for the samples 1 and 2 are shown in figure 1. It is apparent that the coercivity of (Nb, Ga)-containing magnet is significantly higher than that of the magnet containing Nb merely. Although the results in figure 1 are not optimum magnetic properties, they give a reasonable comparison of the effects of Nb-and (Nb, Ga)-additions t o the (Nd, Dy)-(Fe, Co)-B magnet on the coercivity. The results of optical microscopic and X-ray diffraction examinations are somewhat similar for sample 1 and 2. Typical rnicrostr~icture and X-ray diffraction diagram for sample 1 are illustrated in figures 2 and 3 respectively. Phase A is a hard magnetic phase with R2Fel4B tetragonal structure. In most grains of this phase, h e precipitated particles with a diameter of 300-700 A are found. The number of particles is about 5 x lo2' per cubicmeter. TEM observation and EDAX analysis have shown that these particles are richer in Nb than the matrix, as is illustrated in figures 4a and 4b. Phase B is the tetragonal Ndl+,Fe4B4 phase, and It is well known that dislocation makes a negligible contribution to the coercivity in the high hard magnets [4] . However, dislocation can lead to formation of Cottrell-atmosphere in a doped lattice [5] . As a possible mechanism Cottrell-atmosphere should produce substantial pinning of domain walls.
In addition, the fact that most Ga atoms dissolve in Nd-rich phase supports the assumption that Ga improves the wettabiIity of Nd-rich phase with respect to the matrix. It will decrease the density of defects in the In contrast to the observations in [I] , a new phase Nd-rich phase and become more effective in inhibiting ent phases found in sample 1 are summarized in table I. It can be seen that most Ga atoms dissolved in the Nd-rich phase which primarily spreads along the grain boundaries of the matrix. It is very interesting to note that dislocations were clearly discernible in the vicinity of Fe2Nb phase in the matrix of the (Nb, Ga)-containing magnet (Fig. 5a ). The electron diffraction pattern associated with phase D ([ill] zone axis) is also shown in the same figure. Figure 5b shows EDAX analysis of FezNb phase. In contrast, dislocations were not found in sample 2. Table I shows there are small amount of Nd in the FeaNb phase which will cause great lattice distortion due to the difference in atomic radii between Nd and Nb. On the other hand, trace of Ga decreases the yield stress of Fe-based materials [3] . Therefore, it is reasonable to assume that Nd-riel.
